Transcranial direct current stimulation (tDCS) has been studied as an add-on enhancer of extinction-based treatments for anxiety disorders. However, previous studies have failed to address one issue of translational significance: the to-be extinguished fear memory must be consolidated. Additionally, extant literature shows conflicting results about the anxiolytic effect of tDCS delivered to the right dorsolateral prefrontal cortex. To address these issues, we recruited thirty-four female participants to participate in a two-day fear conditioning procedure. On Day 1, laboratory fear acquisition was confirmed by self-reported contingency ratings. On Day 2, participants were randomly assigned to either the control group (n=18; completed the extinction session) or the tDCS group (n=16; whom received 20min tDCS session of 1mA [cathode -F4; anode -contralateral deltoid immediately before extinction).
, negatively impacting individual lives, and impairing functioning in professional and social contexts (3) . Notwithstanding the diversity and accessibility of pharmacological treatments targeting anxiety disorders, those currently available show limited efficacy (4) and present constraints with respect to tolerability and safety profiles (5) . As for psychological treatments, despite their increased tolerability, their efficacy rates are no better than pharma (6, 7) and are timeconsuming. Hence, albeit the combination of medication with psychological treatments seems to be an option, it still presents limited therapeutic gains (e.g. . (8, 9) ). Aiming at exploring tDCS effect as an alternative medication-free treatment to decrease anxiety related symptoms, in this translatiolnal study we mapped its impact during experimental fear extinction.
Non-invasive brain stimulation (NIBS) strategies such as tDCS have exhibited promising effects in decreasing different psychiatric symptoms, either as a stand-alone or combined with pharmacotherapy and psychological interventions (10) .
Among NIBS, tDCS is the most portable and user-friendly technique, displaying a high safety and comfort profile (11) . tDCS consists of a direct current delivered through electrodes aimed at changing cortical excitability by increasing or decreasing neuronal membrane polarity (12) or by altering the oscillatory activity of a particular network (13) .
The effectiveness of tDCS in managing symptoms of anxiety has been anecdotally suggested in pre-clinical and clinical studies (14) (15) (16) . More extensively, several laboratorial studies have used tDCS to study classical conditioning of the fear response -the translational model for the development, maintenance and elimination 6
Running head: Using tDCS to interfere with fear extinction amygdala found in healthy subjects (during and after extinction) is due to excitatory as well as inhibitory projections from the anterior cingulate cortex (ACC) and the ventromedial prefrontal cortex (vmPFC; 24, 25) . Anxious individuals though, show aberrant downregulation of the amygdala, with its activity persisting after extinction (29) .
The hippocampus is responsible for processing context features during the acquisition of the fear response (30, 31) . Additionally, the hippocampus participates in the consolidation of the fear memory along with the basolateral amygdala, the entorhinal cortex, the parietal and cingulate cortex (32) . Furthermore, the hippocampus involvement is found in fear retrieval and extinction working in tandem with the vmPFC and the amygdala (33) (34) (35) (36) .
fMRI studies have also suggested the cerebellum participates in the extended fear network, associated with the regulation of the autonomic response during the early (37) and the late phases (38) of fear extinction, and in the processing of time, valence and prediction of stimuli contingency (for a review see 36).
Besides fMRI studies, electrophysiological studies have also shown the fear pathway. For example, the artificial induction of synchronized theta frequencies lead by the prefrontal cortex produces a coherent corresponding spike firing in the hippocampus and the amygdala (40, 41) . These coherent theta firing seems to correspond to processes of appraisal and experience of fear (42) , fear extinction learning (40, 41) or fear extinction reconsolidation (43) . Also, the reduction of gamma power in the ACC and in the vmPFC is correlated with fear extinction (44) .
The translational value of extinction for anxiety disorders relies on the specificities of delayed extinction, which allows for the temporal gap between learnings (the fear response acquisition and the fear response extinction) and the fear Running head: Using tDCS to interfere with fear extinction response consolidation (45) , mimicking real-life symptom onset and treatment.
However, previous studies have used within-session acquisition and extinction learning procedures not allowing for a consolidation period (for a recent metaanalysis see 43) . Consequently, what has been claimed the laboratory analogue for exposure-based therapies has, in fact, targeted recent memories which are known to present distinctive neural patterns and to be qualitatively more susceptible to interference (47) .
Because long-term consolidated memories are a typical feature of treatments in anxiety disorders, to understand how tDCS interacts with the network when processing delayed extinction is of the utmost importance; otherwise, it compromises translational findings. To our knowledge, there is only anecdotal fMRI data that directly explore the effect of tDCS delivered to the right dorsolateral prefrontal cortex (rDLPFC) in delayed extinction. As such, we aimed to fill the gap by implementing a two-day fear conditioning procedure and observing how a single 20min tDCS session over the right dorsolateral prefrontal cortex (rDLPFC) interferes with the neural activity and connectivity patterns of the prefrontal corticalamygdalo-hippocampal-cerebellar pathway during delayed extinction. We hypothesized that off-line tDCS over the rDLPFC would lead to activity and connectivity changes in the entire pathway critically involved in the pathogenesis of anxiety disorders, from the frontal regions up to the cerebellum.
Materials and Methods

Participants
Forty-eight female participants were recruited to take part in the experiment, having given their informed consent according to the local ethical committee and withdrew from the study after feeling discomfort during the experimental task. Data from eight participants were excluded because they did not acquire the fear response, and data from three participants were excluded due to technical problems. As such, 34 women completed the experiment, and were assigned to either the control (N=18), or tDCS group (N = 16). Due to technical problems, we lost data from one patient concerning US intensity, and ASI-3-PT, and from two patients in BSI; see Table 1 for details).
Exclusion criteria for participation included: (1) history of psychiatric disorders; (2) use of psychoactive medication; (3) pregnancy; (4) caffeine and/or alcohol intake 24 hours before sessions; (5) physical exercise two hours before sessions; (6) having had a meal two hours before sessions (48); (7) auditory or visual added by a Visual Analog Scale for pain to measure discomfort (52) while the sound was delivered through noise-cancelling headphones. In the session proper, the US was presented for 2s. The CS+ and CS-were 12x12cm squares either blue or yellow (colours were counterbalanced across participants), with a white background, presented in a DELL P2012H monitor for 4s across sessions. Across sessions, we pseudo-randomized the CS+ and CS-trials such that no more than two consecutive presentations of the same category were allowed.
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Running head: Using tDCS to interfere with fear extinction consisted of 8 non-reinforced CS+ and 8 CS-presentations. The acquisition phase consisted of a partial reinforcement procedure at 75% (i.e. 12 out of 16 CS+ presentations were paired with the aversive sound). US presentations overlapped with the last 2s of the CS+. In total, there were 16 CS+ and 16 CS-trials, each followed by a jittered interstimulus interval (ISI; a black fixation cross presented in the centre of the screen for 10 to 12s). The acquisition of the fear response was considered successful whenever in the late phase of acquisition (last 5 trials) the mean SCRs to the CS+ was higher than the mean SCRs to the CS-. For those showing faster habituation to the US in the late phase, we alternatively considered the middle phase (from the 6 th to 10 th trial inclusively). We assumed .01 μ S as the minimum difference (53) . Participants that showed fear response on Day 1 were invited for the second day and were instructed not to use hair products or have wet hair for the next session to avoid interference with tDCS stimulation. . The sponges covering the electrodes were 5x5cm in size and were saturated with 10 mL of 0.9% saline solution immediately before the stimulation session. tDCS adverse effects were assessed immediately following stimulation (Table S3 in supplementary materials) and participants were then led to the extinction procedure inside the MRI scanner. Participants assigned to the control group went directly to the extinction session inside the MRI scanner. Before starting 1
Running head: Using tDCS to interfere with fear extinction extinction, participants were asked to recall the colour of the square paired with the US on Day 1, and no further information was offered about the auditory stimuli. The extinction session consisted of 10 CS+ and 10 CS-trials. Each trial consisted of a fixation cross presentation for 16s followed by the CS+ or CS-presentation for 4s.
During extinction, the US was never presented. The stimuli were presented using an in-house scripts. We calculated the SCRs on a trial-by-trial basis using the first 2s after the onset of each stimulus. The 500 ms pre stimulus onset were used as baseline. For the SCRs, the first peak minus baseline values per trial were square artefacts and were manually deleted.
Self-report measures. At the end of habituation and acquisition sessions, we collected offline valence and arousal self-reports per stimuli using Lang's (1980) nine-point Self-Assessment Manikin (SAM) scales (58) . For valence, we used a 1-9
scale (1 = highly unpleasant; 9 = highly pleasant); for arousal we used a 1-9 scale (1 = highly calm; 9 = highly excited), for the expectancy of US presentations paired with the CSs presentation we used a 0-9 scale (0 = I was sure the sound was not coming; 9 = I was sure the sound was coming; finally for the contingency awareness concerning the CSs/US association we used a 0%-100% scale, in increments of 25% (0% = the CS was never paired with the US,; 100% = the CS was always paired with the US (22) . Participants were asked to register their answers with the use of the 
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The a priori hypothesis defined that there would be distinctive condition-dependent (CS+ vs. CS-; increased or decreased stimuli discrimination) and phase-dependent (early vs. late) neural activity between groups (tDCS and control). 
Results
6
We sought to understand how tDCS modulates the fear pathway during the extinction of a consolidated fear response. For such, we implemented a 2-day experimental procedure. On Day 1, participants were split in two groups (the tDCS and the control group), and learned to fear the conditioned stimulus in the laboratory.
To confirm fear acquisition, SCRs and self-reported arousal, valence, contingency and expectancy were collected. On Day 2, participants went through extinction inside the MRI scanner, where the neural activity and connectivity of the fear network was observed.
Psychophysiological data
SCRs collected during the habituation and acquisition phases from suggesting that the CSs were equated at baseline in terms of the arousal elicited.
After fear acquisition, the CS+ elicited more increased responses than the CS-, both for the control group (t (17) = 2.84, p = .011, 95% IC [.030, .205]) and for the tDCS group (t (14) = 2.54, p = .023, 95% IC [.011, .130]; (Figure 1 ).
Behavioural data
Self-ratings data on valence and arousal of the CS+ and the CS-validate the psychophysiological data. After habituation, results showed no significant differences between the CSs for the control group for the arousal (t (17) = .13, p = .897, 95% IC [-.838, .950]) and valence ratings: t (16) = -.112, p = .912, 95% IC [-1.172, 1.053]) and the same was true for the tDCS group for arousal (t (15) = .37, p = 
fMRI results
Whole brain contrast analysis showed two clusters where activity patterns were distinctive between groups during late extinction for the contrast CS+ > CS-. Table S1 ). Figure 3 shows the location and extension of each of the four clusters, and detailed information is depicted in Table S2 . Table S2 , and Figure S1 , S2, S3 and S4 in the supplementary materials.
Besides the lDLPFC, no other phase or condition-dependent two-sample ttests were statistically significant for the other seeds.
Discussion
Understanding how conditioned fear is extinguished in experimental situations that mimic the therapeutic changes may contribute to the development of 0
Running head: Using tDCS to interfere with fear extinction targeted clinical strategies for anxiety disorders. In our study, we examined how tDCS modulates neural responses and the connectivity within the fear pathway during a delayed extinction procedure. Due to known gender differences in what concerns anxiety responses (66) we tested only females who enrolled in two experimental sessions on two consecutive days (Day 1 in the laboratory room, and Day 2 inside the fMRI scanner).
On Day 1, the SCRs as well as self-ratings confirmed that the fear conditioning procedure was effective in building an associative fear memory and consequently in producing a conditioned fear response. On Day 2, we interfered with the fear pathway by delivering off-line tDCS immediately before delayed extinction.
We applied the cathode over the rDLPFC and the anode over the contralateral deltoid. We chose F4-contralateral deltoid montage, informed by previous preclinical studies showing its effectiveness in reducing anxiety related symptoms (14, 15) . The DLPFC is a hub region associated with the appraisal of fear experiences (42) and is also involved in fear extinction learning (46) . Hence, the rDLPFC is interconnected with the vmPFC to downregulate the amygdala activity through emotion regulation processes and value detection (50) . Moreover, current modelling literature shows that increased current intensity does not occur under the electrode but rather between electrodes (67), thus supporting our hypothesis according to which this montage allows for modulating the entire pathway that relies between electrodes and beyond.
That is, we would interfere not only with cortical structures (such as the rDLPFC, and other frontal, motor and parietal areas) but also with subcortical structures and the cerebellum.
Importantly, our fMRI contrast analysis results confirmed the study hypothesis, showing that tDCS over the rDLPFC interfered with delayed extinction 1
Running head: Using tDCS to interfere with fear extinction learning by impacting the neural activity of two clusters during the processing of the CSs: Cluster 1 encompassed the frontal middle and frontal superior left regions, and Cluster 2 encompassed the paracentral and postcentral areas.
In the tDCS group, Cluster 1 frontal regions showed a steeped decrease during the processing of the CS+ compared to controls, but an increased activity during the processing of the CS-. Such distinctive stimuli-dependent response may be the neural correlate of the increased stimulus discrimination reported in previous studies (21, 22) . This is further supported by the decreased BOLD signal percentage change during the processing of the CS+ (supporting a consolidated learning about its value) and the simultaneous increase activity during the CS-. This increased activity for the CS-processing in late extinction though, may also support processes of reappraisal and detection value associated with uncertainty and the somewhat resistant extinction process that is typical of partial reinforcement schedules (68, 69) .
That is, whereas on Day 1, the CS+ was learned to signal threat and the CS-was learned to be the safe cue, on Day 2, the absence of information about the CS-(due to no US presentations) induced a state of uncertainty (for further discussion, see 63).
In Cluster 2 regions, the tDCS group showed an inverted pattern when extinction learning studies (46) , suggesting that tDCS may have enhanced extinction processing. In fact, the somatosensory (SI) region is involved in the fear network through direct and indirect projections to the amygdala via insula for salient stimuli.
In particular, the SI participates in processing emotional significance, emotion regulation and in the generation of the emotion of fear (71) .
Interestingly, there were no differences found between groups with respect to the activity of core regions, such as the amygdalae and the hippocampi. This finding may be explained by one of two arguments: either the neural activity in both groups is equivalent (regardless of tDCS) or the lack of activity is due to methodological decisions that impact signal processing detection. In fact, an absent signal in the amygdala is frequently found due to the typically fast information processing of the ventral stream structures which is not compatible with the parameters adopted to model its neural response. When analysing whole brain neural activations, modelling for shorter durations will likely capture subcortical processing, whereas modelling for longer durations will lead to loss of subcortical activations (and the lack of differences detected in the BOLD signal in those regions) while gaining in cortical processes, such as memory and emotion regulation (72) .
The impact of tDCS on the fear pathway was definitely confirmed with contrast PPI analysis results. We observed that cathodal stimulation of the rDLPFC increases the functional coupling between the lDLPFC and four clusters, during we reported in our previous study (22) .
Also, because no group differences were found with respect to the processing of the CS-, we may argue that tDCS using cathodal electrode over the rDLPFC does not produce the generalization effect found after stimulation with the anode electrode (see 18) , which supports the clinical benefits described in case reports (75) .
PPI contrast analysis also showed stronger time-course correlations between the lDLPFC and Cluster 2 regions during the processing of the CS+ in late extinction. Structures in the right inferior and middle temporal cortices such as the temporal regions serve as interface nodules between the amygdala, the hippocampus and the prefrontal cortex, our results show the increased coordination between frontal and temporal structures and support the use of delayed extinction when modulating consolidated fear memories.
The same stronger coupling was found between the lDLPFC and Clusters 3 and 4 that included the contiguous angular gyrus, the supramarginal and the right occipital region. The lateral occipital region is expected to work in pace with the prefrontal regions in visual fear signalling (76) . Similarly, the lateral occipital activity is known to be functionally connected with the angular gyrus involved with encoding and retrieval processes (77) and the supramarginal gyrus involved in early and late extinction learning (46, 78) . Hence, that increased correlation between Clusters 3 and 4 and the lDLPFC during the processing of the CS+ in late extinction supports an efficient extinction process.
Here we show the online pattern of activity and connectivity for the prefrontal-cortical-subcortical-cerebellar pathway during the extinction processing of a previously consolidated fear memory. Additionally, we show that the relationship across the prefrontal-cortical-subcortical-cerebellar pathway is not inhibitory or anti-coupled in nature.
However, a number of limitations should be noted. Study results must not be generalized, as the sample involved only women given the gender differences across anxiety measures and fear conditioning responses (79) . Future replication studies should consider homogeneous samples of only men or heterogeneous samples to inform the field on whether and how gender interferes with the fear pathways.
Second, we used a control group instead of a sham group, not blinding participants to group was intentional as a strategy to allow for increasing the recruitment rate by including participants not willing to do tDCS, and participants not complying with tDCS safety criteria. Third, although our hypothesis did not demand measures of successful extinction, we cannot state that the patterns of neural activity observed match successful extinction learning. However, our focus is on the ongoing delayed extinction and will advance the field by offering the information about the impact of tDCS using the cathode electrode over the rDLPFC and its use as a complementary strategy to exposure-based treatments. In future studies, however, simultaneous measures of extinction (e.g. SCRs and self-reports of contingency and expectancy)
should be collected.
To date, most studies in fear extinction have failed to appreciate the importance of memory consolidation during the extinction-learning phase. Our results offer a first understanding of the effect of tDCS with the cathode electrode over the rDLPFC and extracephalic anode in extinction, supporting its clinical use.
Here, we compared the mechanisms at play during extinction vs. extinction combined with tDCS where stimulation was used to inhibit the rDLPFC, a crucial hub to emotion regulation processes. Our data suggests that tDCS increased the processing of uncertainty associated with the safety cue, by frontal regions.
Additionally, after tDCS the correlation between regions of the fear pathway was stronger during the processing of threat.
More importantly, as this experimental setting mimics real-life context changes, by allowing consolidation mechanisms to take place, we can state that targeting this regulatory system is a promising venue to non-invasive brain stimulation approaches for the treatment of anxiety disorders. The question of 
